Introduction
for plasticity of adult stem cells, with reports of skeletal muscle-derived cells capable of repopulating Since the heart lacks functional repair mechanisms, we and others are exploring skeletal muscle cells bone marrow 11 and marrow-derived cells repopulating skeletal muscle 12 or myocardium. 13, 14 for cardiac repair. [1] [2] [3] [4] [5] [6] Our group showed that primary neonatal skeletal myoblasts formed grafts of difWhile provocative, the studies purporting skeletalto-cardiac muscle conversion have not rigorously ferentiated skeletal muscle in normal and injured hearts. 1 The grafts contracted when exogenously shown expression of cardiac markers in cells proven to originate from skeletal muscle, a prerequisite to stimulated, and showed physiological properties of skeletal rather than cardiac muscle. In contrast, prove transdifferentiation. The current study was undertaken to test whether adult skeletal muscle several other investigators have reported that satellite cells (skeletal muscle stem cells) from adult satellite cells exhibited the anatomical and molecular phenotype of cardiomyocytes after grafting skeletal muscle transdifferentiated into cardiac muscle after grafting into normal or injured into the heart. total RNA were reverse transcribed in a 25 l reMethods action using SuperScript (Gibco) and random hexamer oligonucleotides (Promega, Madison, WI, Satellite cell isolation USA). Two l of the RT reactions were amplified with specific primer sets by PCR (see Table 1 ). Total Satellite cells were isolated from the hind limbs RNA isolated from the mouse skeletal myoblast cell of adult male Fischer rats weighing 350-400 g. 15 line MM14 17 (generously provided by Dr Stephen Tibialis anterior (TA), extensor digitorum longus D. Hauschka, University of Washington) and from (EDL), soleus, gastrocnemius, quadriceps and hamneonatal rat cardiomyocytes served as references. strings were excised and placed into a tissue culture dish containing 10 ml DMEM plus antibiotics [penicillin G (100 U/ml), streptomycin (100 g/ml), amphotericin B (0.25 g/ml), and gentamicin (50 g/ Animal model ml) (GIBCO, Grand Island, NY, USA)]. Tendons, all bone, and fat were carefully discarded, and the Inbred male Fischer rats (Simonsen Labs, Gilroy, muscle tissue was throroughly minced and then CA, USA) weighing 350-400 g were anesthetized digested at 37°C with 0.1% pronase (Calbiochem, with intraperitoneal ketamine-xylazine (68 and La Jolla, CA, USA) for 1 h. The tissue was triturated 4.4 mg/kg, respectively), intubated, and mechvigorously and passed through a 10-m filter (Milanically ventilated with room air. The heart was lipore, Bedford, MA, USA) and cells were collected exposed aseptically via left thoracotomy as described by centrifugation. The cells were then plated on and 3.5-7×10 6 satellite cells were injected into gelatin-coated plates in DMEM containing 20% fetal the uninjured left ventricular wall as described bovine serum (HyClone, Logan, UT, USA), 15%
previously. 1 Rats were sacrificed after 4 and 12 horse serum (ICN Flow, Costa Mesa, CA, USA) and weeks (n=4 and n=7, respectively), the hearts 6 ng/ml recombinant human bFGF (a gift from perfusion fixed with methyl Carnoy's solution (60% Scios Inc., Mountain View, CA, USA), plus antimethanol, 30% chloroform, 10% glacial acetic biotics. Basic FGF was added every 24 h for 3 days acid), transversely sectioned, and embedded in without media change. Thereafter, bFGF was added paraffin. every 12 h and the media was changed every 24 h. Cells were not passaged prior to transplantation and were used for grafting after 5 days of culture.
Antibodies and immunocytochemistry The primary satellite cell isolates contained >70% desmin-positive myoblasts; the other cells were preImmunostaining was performed using immunosumably fibroblasts. Myogenic differentiation was peroxidase methods as described. 1, 18, 19 For BrdU induced by switching the cells to DMEM supstaining slides were pretreated with pepsin (0.1 mg/ plemented with 7.5% horse serum, 6 g/ml insulin ml) for antigen retrieval and the DNA denatured (Sigma, St. Louis, MO, USA) and no bFGF. To identify in 0.1 N HCl to expose the BrdU epitope for 30 min the grafts the cells were tagged with BrdU (10 ) at 37°C. After a brief wash in dH 2 O slides were overnight prior to grafting. treated with 1.5 N HCl for 15 min at 37°C. After a brief rinse in dH 2 O, slides were incubated in 0.1  boric acid for 10 min at RT. Then antibody staining was performed as described. 1, 18, 19 The following antiIn vitro characterization of satellite cells bodies were used for immunostaining: anti-human desmin 20 expression of hepatocyte growth factor receptor cmet, a marker for satellite cells, 29, 30 and the skeletal muscle-specific transcription factors MyoD, Myf5, myogenin, and MRF4 in day 5 satellite cell cultures Measurement of myofiber diameter [ Fig. 2(A) ]. The undifferentiated satellite cells expressed connexin43 (gap junction) and N-cadherin The diameter of satellite cell-derived myofibers was (adherens junction). Desmin (intermediate filament) measured in longitudinal sections containing nucwas present in both skeletal and cardiac muscle lei, using a calibrated microscope scale. Meascells whereas cardiac troponin I was present only urements were performed on sections stained for in cardiomyocytes [ Fig. 2(B) ]. fast skeletal myosin heavy chain from three animals in each group (30 myofibers measured per animal; total n=90/group). Diameters were expressed as mean±.. Fiber diameters were compared using Histology and differentiation patterns of graft cells Student's t-test, and a P<0.05 was considered statistically significant.
At 4 weeks after grafting the satellite cells had fused to form well developed myotubes with recognizable cross striations [ Fig. 3(A,B inset) ], and were identified by the BrdU tag [ Fig. 3(C,D) ]. The overall
Results
appearance of the grafts was similar to neonatal myoblast-derived cardiac grafts. Single-label Characterization of satellite cells in vitro immunostaining for cardiac -MHC gave intense staining of the host myocardium but was absent Figure 1 (A-F) describes the phenotype of satellite cells in vitro. At day 1-2 after isolation the cells from the graft [ Fig. 3(E,F) ]. Conversely, fast skeletal MHC was expressed by all muscle cells within grafts, were round, refractile and slowly starting to adhere to the gelatin substratum [ Fig. 1(A) ]. Spindlebut was absent from the host myocardium [ Fig. 3(G,  H) ]. ANP was detected in cardiomyocytes bordering shaped cells increased after 2 days. By 6 days most cells were spindle-shaped and firmly attached [ that the cells in question are, in fact, car-3(I,J)], similar to our previous neonatal myoblastdiomyocytes. In this study satellite cells were tagged derived grafts. 1 At 12 weeks, however, -MHC exwith BrdU to track them in vivo, and we utilized a pression was rarely observed [Fig. 4(I,J) ] and the panel of antibodies that was carefully developed to grafts had atrophied, with a reduction of diameter stain cardiac muscle but not skeletal muscle (or from 10.6±3.0 m to 6.0±1.7 m (Fig. 5) . Satvice-versa). Using this rigorous approach, the curellite cell-derived grafts did not express detectable rent study clearly shows that unfractionated isolamounts of N-cadherin and connexin43 at 4 or 12 ations of satellite cells differentiate into mature weeks (Fig. 6 ), indicating that electromechanical skeletal muscle, and not cardiac muscle, after graftcoupling between host and graft did not occur.
ing into the heart. The satellite-derived cells expressed skeletal muscle-specific MHCs and failed to express the cardiac-specific markers -MHC, cardiac Discussion troponin I, ANP, or the intercalated disk proteins N-cadherin and connexin43. Furthermore, the satProof of cardiac transdifferentiation has two critical ellite cell-derived grafts had numerous, peripherally components: (1) unambiguous tracking of the cell located nuclei, structural hallmarks of skeletal myolineage, i.e. certainty that the cells in question are cytes. derived from graft, not host; and (2) definitive Why are these findings discrepant with those reported by others? Although our previous grafting characterization of phenotype, i.e. demonstration , arrows) . Ho, host myocardium; Gr, graft. E,F. In contrast to the surrounding host myocardium, the grafts did not express -cardiac MHC. G,H. Conversely, the grafts were positive for fast skeletal MHC whereas the surrounding host myocardium was negative. I,J. Expression of slow -MHC was observed in many graft myofibers and also in the host myocardium. (J) High power of -MHC-positive graft myofibers. K. Double staining for fast skeletal MHC (red) and BrdU (brown). Double positive cells were readily detectable in the graft (Gr) but not in the host (Ho). L. Double staining for cardiac troponin I (red) and BrdU (brown). Cardiac troponin I was detected in host cardiomyocytes (Ho) but not in the graft (Gr). M. Double staining for cardiac -MHC (red) and BrdU (brown). Cardiac -MHC was detected in the host myocardium but not in graft cells in conjunction with the BrdU tag. N. Double staining for ANP (red) and BrdU (brown). ANP was detected in cardiomyocytes bordering the graft (arrows) and in fibroblast-like cells in the graft area (not shown). ANP was never detected in conjunction with the BrdU tag, however.
work employed neonatal skeletal myoblasts, 1 the into injured hearts form grafts of mature skeletal muscle at 3 months post-grafting and showed eleccurrent study used adult satellite cells, ruling out developmental stage as a source of variation. Transtrical properties typical of skeletal muscle. 1 In our experience the phenotype of the neonatal myoblasts differentiation has been reported in dogs, 7,8 rats 9 and rabbits, 5, 10 indicating that species variation is in culture is very similar to cultured satellite cells from adult animals. Therefore, we would not expect unlikely to account for the difference. Transdifferentiation was also reported in studies where satellite cells to behave differently from neonatal myoblasts in an injury model. mixed (slow and fast) fibers 7-9 or slow fibers 5,10 were used for satellite cell isolation, indicating that the We think the discrepancy is probably due to methodological differences. All reports of transmuscle type of origin cannot explain the discrepancy. Furthermore, transdifferentiation has differentiation either failed to use definitive markers to track cell lineage or did not employ definitive been reported in both the normal 9 and injured 5, 7, 8, 10 heart, suggesting that the status of the recipient markers of the cardiac phenotype. For example, a graft origin of the cells was inferred by their location heart is not critical. A previous study from our group has shown that neonatal myoblasts grafted within the area of injury, 5, 7, 8, 10 where "con- . Surprisingly, at 12 weeks slow -myosin heavy chain was rarely observed in the grafts (I,J).
grafts at 4 weeks. We observed similar fast-toslow fiber type conversion when neonatal myoblasts were used for grafting. 1 Slow twitch fibers have physiological similarities to cardiac muscle suggesting that they may be suited to perform a cardiac type work load.
1 Surprisingly, by 12 weeks the grafts were atrophic and slow -MHC expression was rarely observed. This contrasts to our previous study in the injured heart, where 12-week-old grafts showed progressive hypertrophy and still expressed -MHC. 1 We hypothesize that the injured tissue results in different mechanical loading, which in turn promotes hypertrophy and slow fiber differentiation. muscle after grafting into the heart. Trans- * P<0.05).
differentiation into cardiomyocytes, as reported previously, was not observed in our study. Cultured satellite cells thus appear to be committed to the tamination" by surviving host cardiomyocytes skeletal muscle lineage and our results indicate that could easily occur. Similarly, a cardiac phenotype the cardiac environment is not capable of reversing was inferred by such imprecise morphological crithis commitment. teria as central nuclei (common in immature or regenerating skeletal muscle) or the presence, in routine light micrographs, of refractile cytoplasmic structures thought to be intercalated disks. [5] [6] [7] As stated above, proof of transdifferentiation requires Acknowledgments a rigorous combination of lineage determination and phenotypic characterization, preferably using This work was supported by NIH grants K08HL03094, P01HL03174, R01HL61553, and well defined molecular markers.
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